Sporisorium reilianum and Ustilago maydis are two closely related smut fungi, which both infect maize but differ fundamentally in their mode of plant invasion and site of symptom development. As a prelude to studying the molecular basis of these differences, we have characterized the mating type loci of S. reilianum. S. reilianum has two unlinked mating type loci, a and b. Genes in both loci and adjacent regions show a high degree of synteny to the corresponding genes of U. maydis. The b locus occurs in at least five alleles and encodes two subunits of a heterodimeric homeodomain transcription factor, while the a locus encodes a pheromone/ receptor system. However, in contrast to that of U. maydis, the a locus of S. reilianum exists in three alleles containing two active pheromone genes each. The alleles of the a locus appear to have arisen through recent recombination events within the locus itself. This has created a situation where each pheromone is specific for recognition by only one mating partner.
Sporisorium reilianum and Ustilago maydis are two closely related smut fungi, which both infect maize but differ fundamentally in their mode of plant invasion and site of symptom development. As a prelude to studying the molecular basis of these differences, we have characterized the mating type loci of S. reilianum. S. reilianum has two unlinked mating type loci, a and b. Genes in both loci and adjacent regions show a high degree of synteny to the corresponding genes of U. maydis. The b locus occurs in at least five alleles and encodes two subunits of a heterodimeric homeodomain transcription factor, while the a locus encodes a pheromone/ receptor system. However, in contrast to that of U. maydis, the a locus of S. reilianum exists in three alleles containing two active pheromone genes each. The alleles of the a locus appear to have arisen through recent recombination events within the locus itself. This has created a situation where each pheromone is specific for recognition by only one mating partner.
Sporisorium reilianum causes head smut in maize and sorghum (41, 42) . This soilborne pathogen infects the host plant at the seedling stage (25) , supposedly through the roots (37) . The infection is systemic, and disease symptoms become apparent only after the onset of flower development when the fungal sori replace male or female inflorescences. In its mode of colonizing the host, S. reilianum is fundamentally different from the well-studied close relative Ustilago maydis, which can infect maize plants via the leaves, stems, or flowers and rapidly causes the formation of prominent tumor-like structures on all green parts of the plant (18) . For U. maydis the route of infection has been studied in detail. When haploid, yeast-like sporidia of different mating types recognize each other, they form conjugation hyphae that grow towards each other and fuse at their tips. The resulting dikaryon is filamentous and shows tip growth, leaving empty sections devoid of cytoplasm behind. On the plant surface the dikaryon differentiates into infection structures, so-called appressoria, which are characteristic swellings of the hyphal tips at the site of entry (9, 55) . For S. reilianum a detailed molecular investigation of the infection process is lacking. However, it was demonstrated that haploid sporidia as well as germinated teliospores grow filamentously in the vicinity of the root (39) . In an in vitro root infection system using germinated teliospores (37) , roots were shown to be invaded by hyphae without the apparent formation of appressoria (37) .
In U. maydis the initial stages of the infection process are regulated by two unlinked mating type loci (23) . The a locus exists in two alleles and encodes a pheromone/receptor system responsible for recognition of haploid sporidia. The lipopeptide pheromones Mfa1 and Mfa2 are secreted by sporidia of the opposite a mating type and are reciprocally detected through specific seven-transmembrane pheromone receptors (Pra2 and Pra1). After detection of the pheromone signal, the cells respond by the formation of conjugation hyphae that grow towards each other and fuse at their tips. After fusion of the sporidia, a filamentous dikaryon is generated and maintained when the two nuclei also carry different alleles at the b mating type locus (8) . The b locus is multiallelic and exists in at least 23 alleles (48, 54) . It codes for two regulatory genes, bE and bW, whose products dimerize and become an active transcription factor only when the two subunits derive from different b alleles (26, 30) . A functional b heterodimer is the key regulator for pathogenicity.
U. maydis has recently been placed in the genus Sporisorium based on sequence comparisons of the nuclear large-subunit rRNA genes (47, 57) , suggesting that U. maydis and S. reilianum are closely related. We are intrigued by the differences in the infection process realized by two members of the same genus infecting the same host and would like to elucidate the underlying mechanisms. To begin this study, we have characterized the a and b mating type loci of S. reilianum at the molecular level.
MATERIALS AND METHODS
Strains and growth conditions. S. reilianum strains were grown in 2.4% potato dextrose (PD) broth (Difco) medium on a rotary shaker at 220 rpm at 24°C or on solid PD agar at 28°C. U. maydis strains were grown in YEPSL (0.4% yeast extract, 0.4% peptone, 2% sucrose) on a rotary shaker at 220 rpm at 28°C or on solid PD agar. Spores of S. reilianum were obtained from L. Claflin (Kansas), B. Garet (Limagrain Genetics, Coussan, France), T. Lübberstedt (Tjele, Danmark), N. McLaren (Potchefstroom, South Africa), M. Piepenbring (Frankfurt, Germany), C. Roux (Castanet Tolosan, France), and X. Xianchun (Beijing, China). Haploid sporidia were isolated from individual germinated spores. All S. reilianum haploid isolates were tested for identity by discriminative PCR (62) . The isolates used for functional analysis of the mating type loci were SRZ1 (a1b1), SRZ2 (a2b2), SRZ3 (a1b2) SRZ4 (a2b1), SRZCXII2 (a3b1), SRZCXI1 (a3b2), SRZCXI2 (a3b3), SRZSAW11 (a1b4), and SRZSAW21 (a3b5). U. maydis strains FB1 and FB2, as well as AB1 (a1⌬b) and AB2 (a2⌬b), were described previously (8, 50) . Carboxin was used at 5 g/ml for S. reilianum and 2 g/ml for U. maydis. For cloning purposes, the Escherichia coli K-12 derivatives DH5␣ (Bethesda Research Laboratories) and Top10 (Invitrogen) were used.
RESULTS
a and b mating type alleles of S. reilianum. To determine the mating types of different S. reilianum strains, two mating assays were adapted and modified from methods developed for U. maydis (8, 22) . The first assay examines differences in a mating type loci by scoring for the formation of conjugation hyphae in liquid (see Materials and Methods). When two haploid S. reilianum isolates of different a mating types were mixed, they responded by the production of conjugation hyphae. These were visible as long, thin hyphal extensions extruding from the lemon-shaped haploid cells (Fig. 1B) . When the culture was not shaken vigorously, fusion events could also be detected (Fig. 1C) .
The second assay scores the formation of dikaryotic filaments, which can be detected as aerial hyphae emanating from a colony after cospotting. If the two mating partners differ in both a and b mating type loci, dikaryotic filaments are produced, as is well established for U. maydis (8) . When different mixtures of S. reilianum isolates were spotted on water-agar plates, three different colony morphologies could be observed (Fig. 1D , E, and F). If strains were identical in a, the colony surface as well as the edge were smooth (Fig. 1D ). When the colony had a smooth surface but a ragged edge (Fig. 1E) , the mixed strains were identical in b but different in a. Only when the strains were different in a and b, the colony surface was covered by aerial filaments (Fig. 1F ), which were shown to be dikaryotic (Fig. 1G ).
Using these assays, we tested haploid isolates generated from a spore sample collected in Germany. Four mating types could be differentiated, suggesting the presence of two mating type loci, a and b, existing in two alleles each. To test linkage of these loci, single spores of S. reilianum were germinated and used to isolate haploid progeny. Mating type analysis revealed that from one spore four mating types could be isolated in roughly equal numbers (not shown). This shows that the a and b loci are unlinked in S. reilianum.
The b locus of the close relative U. maydis is estimated to exist in at least 23 alleles (48, 54) . To find out whether the b locus of S. reilianum exists in more than two alleles in nature, spore samples derived from different locations in Germany, France, China, the United States, and South Africa were analyzed. Using the mating assays described, five different b alleles could be identified. Surprisingly, mating assays also indicated the presence of three different a alleles (Table 1) . This is at variance to all other members of the Ustilaginales investigated, where the a locus exists in no more than two alleles (14, 21, 40, 48, 52) . If the a loci of S. reilianum also code for pheromones and receptors (as we show below), this indicates that the a loci code for either multiple receptor or pheromone genes. Alternatively, the a loci might code for receptors that can recognize more than one pheromone. Precedence for this exists in Schizophyllum commune and Coprinopsis cinerea (16, 24) .
Cloning of the b loci of S. reilianum. To clone the b locus of S. reilianum, a 450-bp fragment was generated by PCR using primers designed to amplify a conserved region of the b locus of Ustilago scitaminea (2) . This PCR product was used as a probe and specifically hybridized to 9-kb BamHI fragments of b1 and b2 strains, which were cloned and sequenced. Using this sequence information, the corresponding regions of b3, b4, and b5 were amplified by PCR and sequenced. Sequence analysis revealed that all alleles contained two divergent open reading frames (ORFs) ( Fig. 2A) whose deduced amino acid sequence showed high degrees of identity to the bE and bW proteins of U. maydis and Ustilago hordei. For example, bE1 and bW1 of S. reilianum showed 48.2% and 36.1% amino acid identity, respectively, to bE1 and bW1 of U. maydis and 47.5% and 32.8% amino acid identity, respectively, to bE1 and bW1 of U. hordei. The positions of introns were inferred by sequencing RT-PCR products obtained from RNA isolated from a mixture of compatible strains. Both the bW and the bE genes contained one intron at a position identical to the introns in the b genes of U. hordei and U. maydis ( Fig. 2A) .
Phylogenetic analysis (Fig. 3A ) of the b proteins indicates that the five bE proteins of S. reilianum are more closely related to each other than to the bE proteins of either U. hordei or U. maydis. The same holds true for the S. reilianum bW proteins (Fig. 3A) . The b proteins carry a homeodomain motif ( Fig. 2A and 3B ) and can be divided into two domains, a conserved C-terminal domain and a variable N-terminal domain. The U. maydis b proteins are characterized by a similar domain structure, and in this system it has been shown that the variable domains provide for dimerization and are responsible for self/nonself recognition (30) . The C-terminal domains of the bW proteins of S. reilianum are nearly 100% identical, and a similar degree of conservation is apparent between the C termini of bE1 and bE2, while N-terminal regions show at most 59.1% amino acid identity between any two bE or bW alleles (Fig. 3B) . The conserved domains of bW1 and bE1 of S. reilianum show 41.5% and 56.6% identity to the respective conserved domains of bW1 and bE1 of U. maydis and 37.8% and 52.9% identity to the respective conserved domains of bW1 and bE1 of U. hordei, while the variable regions are 23.4% and 24.3% identical to the respective variable regions of U. maydis bW1 and bE1 and 23.1% and 32.7% identical to the respective variable regions of U. hordei bW1 and bE1. Thus, bE and bW proteins in S. reilianum display the same overall structure with variable and constant domains as found in other basidiomycetes (16) .
The bE and bW genes of S. reilianum are flanked by two genes whose sequences were only partially determined, Јnat1 and c1d1Ј ( Fig. 2A) . These two genes, respectively, encode a potential N-terminal acetyltransferase and a proposed nuclear regulator related to human C1D, which has been implicated in transcription and DNA maintenance (17) . Interestingly, these 
Total haploid progeny analyzed (samples b ) 120 (Ͼ2) 107 (7) 137 (4) 50 (Ͼ4) 67 (3) a Haploid sporidia were isolated from individual germinated spores and tested for their mating type using the assays described in the text. b Number of spore samples investigated. Ͼ indicates that spores were a mixture collected from several infected plants. Compared are bE1, bE2, bE3, bE4, and bE5 of S. reilianum (Sr); bW1, bW2, bW3, bW4, and bW5 of S. reilianum; bE and bW of the U. maydis b alleles 1 and 2 (Um) (GenBank accession numbers EAK81226 and B32696, both with the additional exon described [53] , EAK81227, AAA34221); bE and bW of the U. hordei b alleles 1 and 2 (Uh) (GenBank accession numbers CAA79218, CAA79216, CAA79219, and CAA79217); and the homeodomain proteins HD1 and HD2 of Pleurotus djamor (Pd) (accession numbers AAS46746, AAS46747). The alignment of the protein sequences was done with ClustalX version 1.18 (58) using default values; the tree was generated with NJplot (46) . (B) Amino acid alignment of the bE1, bE2, bE3, bE4, and bE5 proteins of S. reilianum (upper panel) and of the respective bW proteins (lower panel). Amino acids identical to bE1 or bW1 are indicated by dots. The end of the variable domain was arbitrarily assigned (vertical arrow) for amino acid comparisons. The region encompassing the homeodomain motif is indicated by a line above the sequence.
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two genes occupy the same genomic position in S. reilianum and U. maydis and show 60% and 72% amino acid identity, respectively, to their counterparts in U. maydis. However, in S. reilianum b1 and b2, a 2.4-kb transposon of the FotI family (20) is inserted between bE and the c1d1 gene ( Fig. 2A) .
Functionality of the cloned b genes from S. reilianum. To test for functionality of the bE and bW genes of S. reilianum, we adapted molecular techniques developed for U. maydis for use in S. reilianum. The 9-kb BamHI fragment containing the entire b2 locus of S. reilianum was cloned into the U. maydis self-replicating vector pNEBUC. The resulting plasmid, pSrb2, was introduced into an a1b1 strain (SRZ1) of S. reilianum by chemical transformation of protoplasts. The resulting strain grew filamentously in liquid culture (Fig. 4A) . The filaments formed were thicker than hyphae generated upon pheromone stimulation (compare Fig. 1B ), developed branches, and contained septa. When spotted on a water agar plate, the a1b1 strain containing pSr-b2 produced aerial filaments (Fig. 4B) . This shows that upon introducing pSr-b2, a functional b heterodimer that triggers filamentation is expressed.
To test whether the b heterodimer of S. reilianum can replace the function of the b proteins in U. maydis, we constructed two plasmids for integration into U. maydis. Plasmids pb1Cbx and pb2Cbx carry the cloned 9-kb b1 and b2 loci of S. reilianum, respectively, as well as a mutated version of the IP subunit of the U. maydis succinate dehydrogenase gene (cbx) conferring resistance against the antibiotic carboxin (31). Both plasmids were integrated in single copy into the cbx locus (36) of the U. maydis strains AB1 (a1⌬b) and AB2 (a2⌬b) (50), respectively. When the resulting strains, AB1cbx::pb1Cbx and AB2cbx::pb2Cbx, were cospotted on charcoal-containing PD plates, they developed aerial filaments, indicative of dikaryon formation (not shown). When the same strains were coinoculated into maize seedlings, 23 of 74 infected maize plants developed tumors on leaves and stems within 7 days after infection. Control infections with mixtures of AB1 and AB2 failed to induce tumors, while infections with a mixture of compatible wild-type U. maydis strains FB1 and FB2 resulted in 92% tumor formation. This shows that the b proteins from S. reilianum can functionally replace the b proteins from U. maydis, albeit with somewhat reduced efficiency.
Cloning of the a loci of S. reilianum. A 4-kb BamHI fragment of the S. reilianum a1 strain SRZ1 was identified, which hybridized to a probe derived from the a1 locus of U. maydis (7) . The fragment was cloned by screening a size-fractionated library. When used as a probe, this fragment hybridized specifically with a 5.5-kb BamHI fragment of the a2 strain SRZ2. This 5.5-kb fragment was also cloned, and both fragments were sequenced completely. Sequence analysis showed that the cloned fragments contained parts of the a loci of S. reilianum (Fig. 2B) . To obtain the complete loci, fragments overlapping the borders were cloned either by screening genomic libraries or by PCR (see Materials and Methods). Based on the sequence information for the S. reilianum a1 and a2 loci, the complete a3 locus was amplified from a3 strain SRZCXII2 by PCR and sequenced.
The a1, a2, and a3 loci of S. reilianum are idiomorphs, which contain 6.2 kb, 11.0 kb, and 9.1 kb of unique sequences, respectively. These heterologous parts are flanked on either side by conserved open reading frames named, respectively, lba and rba (for left border a and right border a) (Fig. 2B) . Interestingly, and in contrast to the situation in U. maydis, two pheromone precursor genes, designated mfa1.2 and mfa1.3, could be identified within the unique region of the a1 locus, in addition to a single pheromone receptor gene, pra1 (Fig. 2B) . The pra1 ORF is interrupted by three introns, and these were confirmed by sequencing of RT-PCR products derived from RNA isolated from an a1/a2 mating mixture. In the region unique to the a2 locus of S. reilianum, five ORFs were identified (Fig. 2B) : the pheromone receptor gene, pra2, which contains two introns; the lga2 ORF, containing four introns; the rga2 ORF, containing one intron; and two pheromone precursor genes, designated mfa2.1 and mfa2.3 (Fig. 2B) . The presence of all introns was verified by RT-PCR (not shown). In the region unique to the a3 locus of S. reilianum, one pheromone receptor gene, pra3, and two pheromone precursor genes, designated mfa3.1 and mfa3.2, could be identified (Fig. 2B) . The pra3 ORF is interrupted by three introns, which were confirmed by sequencing of RT-PCR products derived from RNA isolated from mating mixtures. The six identified pheromone precursor genes contained one intron each, located 9, 22, and 37 bp, respectively, downstream of the ORF in the 3Ј untranslated region (not shown). The presence of introns downstream of open reading frames is unusual but appears to be typical for (60) . The U. maydis Lga2 and Rga2 proteins localize to mitochondria and are implicated in mitochondrial fusion processes (12). All six identified pheromone genes from S. reilianum are expected to encode pheromone precursors, which are characterized by a CAAX motif (C, cysteine; A, aliphatic amino acid; X, any amino acid) (19) at the C terminus (Fig. 5 ). This motif serves as signal for isoprenylation and carboxymethylation at the cysteine residue, which becomes the C-terminal residue in the secreted pheromone (15) . In addition to the modifications at the C terminus, there is N-terminal processing, which yields mature pheromones, consisting of 9 and 13 amino acids for a1 and a2 pheromones of U. maydis, respectively (11 2B ). Lba1 shows 86.1% amino acid identity to the corresponding Lba1 protein of U. maydis. lba1 encodes a conserved protein with unknown function. However, it has a polysaccharide deacetylase domain and a probable signal peptide of 20 amino acids. Near its C terminus a transmembrane domain is predicted, making it likely that Lba1 is associated with the cell membrane. The right border of the nonhomologous sequences is located within the rba1/2/3 genes, which show more than 75% amino acid identity to the Rba1/2 proteins of U. maydis. rba1 encodes a small peptide of 121 amino acids that is predicted to localize to the inner mitochondrial membrane. Rba1 appears to be specific for U. maydis and S. reilianum, since homologs cannot be found in other organisms. Rba1, Rba2, and Rba3 show about 86% amino acid identity to each other, with the N-terminal 104 amino acids being identical and the differences manifesting themselves only in the last 17, 39, and 28 C-terminal residues, respectively. The N-terminal 104 amino acids of Rba1, Rba2, and Rba3, which comprise the predicted membrane-spanning domain, are also conserved in Rba1 and Rba2 of U. maydis, suggesting a common function of this domain.
Functional analysis of pheromone and pheromone receptor genes of S. reilianum. To determine the functionality of the a genes, the 4-kb BamHI fragment containing the mfa1.2 and mfa1.3 pheromone precursor genes (Fig. 2B) was introduced into the U. maydis self-replicating vector pNEBUC. When the resulting plasmid, pSr-a1, was introduced into S. reilianum SRZ2 (a2b2), the strain responded by the formation of conjugation hyphae in the absence of a mating partner (Fig. 6A) . Assay of SRZ2 containing pSr-a1 in the plate mating assay described above revealed that it can form aerial filaments with both an a1b1 strain (SRZ1) and an a2b1 strain (SRZ3) (not shown). This double mater phenotype is characteristic of strains expressing two pheromone genes that can stimulate both a1 and a2 mating partners (11) . Since the a2 strain used as recipient of pSr-a1 carries the mfa2.3 pheromone precursor gene that is identical to the introduced mfa1.3 gene, the observed morphological response must be due to the introduction of the mfa1.2 gene. This illustrates that the mfa1.2 gene leads to the expression of a functional pheromone responsible for the induction of conjugation hyphae and the ability to mate with a2 strains.
To functionally analyze the genes of the a2 locus of S. reilianum, different fragments of the locus (Fig. 6B) were cloned into pNEBUC and introduced in the a1b1 strain SRZ1. The resulting strains were analyzed for their ability to form conjugation hyphae in the absence of a mating partner and for a double mater phenotype. Introducing pSr-a2M (Fig. 6B) , containing the putative mfa2.1 pheromone gene, into the a1b1 strain SRZ1 caused a double mater phenotype. This shows that the mfa2.1 pheromone gene is functional. The introduction of pSr-a2C, coding for the putative Pra2 receptor, into SRZ1 caused the formation of conjugation hyphae without a mating partner, but the strain did not show a double mater phenotype (Fig. 6B ). This phenotype is expected if pSr-a2C contains a functional pheromone receptor gene and if pheromone stimulation of each mating partner is required for successful mating. On these grounds we conclude that the pra2 gene of S. reilianum encodes a functional pheromone receptor. Introducing pSr-a2E (Fig. 6B), carrying the putative mfa2.3 gene, pro-FIG. 5 . Comparison of the S. reilianum mating pheromone precursors. The pheromone precursors of S. reilianum (Sr) were aligned to the respective pheromone precursors of U. maydis (Um) and U. hordei (Uh). The potential mature pheromone peptide sequences are in boldface (33, 56) . The processing sites of the S. reilianum pheromone precursors have not been verified.
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on October 11, 2017 by guest http://ec.asm.org/ duced no morphological response in SRZ1, indicating that Mfa2.3 is not recognized by the pheromone receptor Pra1. To test whether Mfa2.3 was specifically detected by the Pra3 pheromone receptor, the constructs pSr-a2M, pSr-a2C, and pSra2E were also introduced into the a3b1 strain SRZCXII2. In this strain, the introduction of pSr-a2M did not lead to a morphological response, suggesting that Pra3 cannot recognize Mfa2.1. Introducing pSr-a2C, encoding the pheromone receptor Pra2, lead to the formation of conjugation hyphae without a mating partner, confirming that the a3 strain secretes a pheromone that can be recognized by Pra2. When the a3b1 strain SRZCXII2 was transformed with pSr-a2E, encoding Mfa2.3, the resulting strain formed conjugation hyphae without a mating partner and displayed a double mater phenotype. This The S. reilianum strain SRZ2 (a2b2) was transformed with the self-replicating plasmid pNEBUC or with a pNEBUC derivative, pSr-a1, containing the relevant mfa1.2 gene as a 4-kb BamHI fragment of the a2 locus of S. reilianum. Cells were grown in the presence of carboxin in liquid culture and analyzed microscopically. (B) The S. reilianum strains SRZ1 (a1b1) and SRZCXII2 (a3b1) were transformed with derivatives of the self-replicating plasmid pNEBUC containing subfragments of the a2 locus of S. reilianum as indicated in the lower part of the panel. The resulting strains were analyzed for their ability to form conjugation hyphae in the absence of a mating partner and for their double mater phenotype with strains SRZ2 (a2b2) and SRZ3 (a1b2) (left columns) or SRZ2 (a2b2) and SRZCXI1 (a3b2) (right columns). ϩ, positive reaction, Ϫ, no detectable phenotype. (C) The S. reilianum strains SRZ1 (a1b1) SRZ2 (a2b2), and SRZCXII2 (a3b1) were transformed with derivatives of the self-replicating plasmid pNEBUC, containing subfragments of the a3 locus of S. reilianum as indicated in the lower part of the panel. The resulting strains were analyzed for their ability to form conjugation hyphae in the absence of a mating partner. ϩ, visible formation of conjugation hyphae; Ϫ, no conjugation hyphae detected.
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SCHIRAWSKI ET AL. EUKARYOT. CELL shows that Mfa2.3 can specifically be recognized by Pra3 but not by Pra1 or Pra2. A similar set of experiments was done for genes carried on the a3 locus of S. reilianum. To this end, plasmids pSr-pra3, pSr-mfa3.1, and pSr-mfa3.2, which contain, respectively, the pra3, mfa3.1, and mfa3.2 genes, were introduced into an a1 strain (SRZ1), an a2 strain (SRZ2), and an a3 strain (SR-ZCXII2) (Fig. 6C) . As a control, pSr-pra3 was introduced into SRZCXII2, and as expected, this did not lead to the formation of conjugation hyphae. However, when pSr-pra3 was introduced into either SRZ1 or SRZ2, the resulting strains formed conjugation hyphae without a mating partner. This shows that Pra3 can recognize a pheromone encoded in the a1 locus and a pheromone encoded in the a2 locus. Since Mfa1.2 is identical to Mfa3.2, the a1 pheromone recognized by Pra3 must be Mfa1.3. Likewise, the a2 pheromone recognized by Pra3 must be Mfa2.3, since the mature pheromones Mfa2.1 and Mfa3.1 are identical. Plasmid pSr-mfa3.1 induced the formation of conjugation hyphae after introduction into SRZ1 but failed to do so when transformed into SRZ2 or SRZCXII2. This confirms that Pra1 specifically recognizes Mfa3.1. Likewise, introduction of pSr-mfa3.2 into SRZ2 led to strains forming conjugation hyphae without a mating partner, while the same plasmid in SRZ1 or SRZCXII2 failed to do so. This confirms that Pra2 specifically recognizes Mfa3.2. Accordingly, we named the pheromone precursor gene mfa3.2 (i.e., mating factor a3 specific for recognition by Pra2).
DISCUSSION
In this study we have molecularly characterized the a and b mating type loci of S. reilianum. We demonstrate that the b locus of this organism is multiallelic and displays the same features as the b locus of U. maydis. In contrast to the case for the biallelic a locus present in other members of the Ustilaginales, we have uncovered that the a locus of S. reilianum exists in three alleles and displays the unique feature of having two pheromone genes which are alternatively used to stimulate strains carrying the other two a mating types.
We have identified, cloned, and sequenced five different b alleles of S. reilianum. All five alleles show perfect synteny to the b locus of U. maydis with respect to gene order, orientation, and intron position. This holds true also for the adjacent regions, where the same genes are present in U. maydis and S. reilianum and are even more conserved than the b genes themselves. This highlights the highly polymorphic nature of the mating type genes and represents a general feature of self/ nonself discrimination systems thought to be maintained by balancing selection (49) . Interestingly, the b1 and b2 alleles, which were found in S. reilianum isolates from France and Germany, carried a transposon insertion downstream of the bE gene. The transposon is absent in the b3, b4, and b5 strains from China, the United States, and South Africa. The presence of the transposon exclusively in the European strains indicates that it was acquired only recently. It is possible that the disease, which became prominent in Europe only since the beginning of the 1980s (38) , has spread to Europe from the United States or China by just one infected plant. The b4 and b5 alleles were found only in the spore samples from South Africa. This could indicate that b4 and b5 specificities are also of recent origin and have not yet spread.
We have shown by exchanging the b genes in U. maydis with those of S. reilianum that that the b proteins from S. reilianum can functionally replace the b proteins from U. maydis. A similar set of experiments has been carried out with the b proteins of U. hordei in U. maydis (5) . However, in that study it was analyzed whether bE or bW of U. hordei can function in combination with the bW or bE protein of U. maydis. The chimeric b proteins triggered filamentous growth, while pathogenicity symptoms were weak or absent (5) . These experiments are not directly comparable to our experiments, where we analyzed the ability of the bE/bW heterodimer of S. reilianum to trigger the regulatory cascade in U. maydis. The finding that normal pathogenicity symptoms occur in about 30% of the infected plants demonstrates that the bE/bW complex of S. reilianum functions efficiently in U. maydis despite the fact that the proteins show only 48% and 36% amino acid identity, respectively, to the U. maydis bE and bW proteins. Thus, the regulatory programs initiated by these protein complexes must be very similar or identical in both organisms.
In U. maydis, genes in the a and b loci are all subject to control by the pheromone response factor Prf1. Prf1 is an HMG domain protein that binds to the conserved sequence element ACAAAGGGA (28) . Clusters of putative Prf1 binding sites are found in intergenic regions of the a and b loci of S. reilianum as well, although the exact locations of sites differ in U. maydis ( Fig. 2A and B ). This suggests that the genes of the a and b loci of S. reilianum are under the same kind of control as the a and b genes in U. maydis (28, 29) .
Quite unexpectedly, S. reilianum could be shown to contain three a mating type alleles, with each allele encoding two functional pheromones and one pheromone receptor. The six encoded pheromone precursors are all expected to be both Nand C-terminally processed. The presence of a CAAX motif (19) at the C terminus suggests that they are isoprenylated as well as carboxymethylated at their C-terminal cysteine residues. Based on the alignment of the pheromone precursor genes with those from U. maydis and U. hordei, we propose N-terminal processing of the S. reilianum pheromone precursors to yield mature pheromones of 14 (Mfa1.2 and Mfa3.2), 13 (Mfa1.3 and Mfa2.3), and 9 (Mfa2.1and Mfa3.1) amino acids (Fig. 5) . When making this assumption, the two pheromones with the same specificity are predicted to have exactly the same sequence. This is supported by biological tests, which show that the mature pheromones encoded by mfa1.2 and mfa3.2 are specific for recognition by Pra2. Similarly, the mature pheromones specified by mfa1.3 and mfa2.3 are specifically recognized by Pra3, while the genes mfa2.1 and mfa3.1 both encode pheromones activating Pra1 (Fig. 6 and data not  shown) .
The gene order in the a1 locus of S. reilianum shows nearly perfect synteny to that in U. maydis a1, with the exception that the a1 locus of S. reilianum carries the additional pheromone precursor gene (Fig. 2B) . The same is true for the a2 locus of S. reilianum, where the gene order is highly conserved in comparison to that in the a2 locus of U. maydis. The spacing between genes seems also largely conserved, with the exception of the region between the pheromone gene mfa2. 1 In this case one of these a alleles must have disappeared during evolution of the fungus, and the second unused pheromone precursor genes in the remaining a1 and a2 loci either were lost or accumulated mutations rendering them nonfunctional. As a consequence, the a1 and a2 loci of U. maydis do not share significant regions of sequence identity. Alternatively, the presence of the pseudogene in the U. maydis a2 locus might indicate an early step towards a3 locus evolution in this species. If the invading pheromone precursor gene led to self-stimulated strains, then its conversion into a pseudogene might have been selected for. When the three a alleles of S. reilianum are compared, it becomes clear that large segments between them must have been exchanged by recombination. The region adjacent to the right border of the a3 locus contains two blocks of sequences, which show 89% and 95% nucleotide sequence identity, respectively, to the a2 locus of S. reilianum (Fig. 2B) . The 2.2 kb of sequence adjacent to the left border and including the mfa3.2 gene is also present (with Ͼ95% nucleotide sequence identity) near the left border (interrupted by 0.8 kb of sequence) of the a1 locus of S. reilianum (Fig. 2B) . Interestingly, the interspersed 0.8-kb segment present in the a1 locus in addition to an adjoining 1.2 kb of sequence including the mfa1.3 ORF are also present (with 99% nucleotide sequence identity) near the left border of the a2 locus, with the 1.2-kb sequence present in inverted orientation (Fig. 2B ). It appears that the regions containing the pheromone genes have been exchanged by recombination during evolution of the three a alleles. This also explains why nearly identical pheromone genes can be present in more than one a locus. While it is possible that the a3 locus has acquired its pheromone genes from a1 and a2, the pra3 gene shows only weak homology to either pra1 or pra2 and is expected to have a different origin. Based on the fact that interspecies hybridization within the genus Ustilago has been described (6, 32) , it appears feasible that the receptor has been introduced from a close relative not yet identified. In such a scenario, the mfa2.3 and mfa1.3 pheromone genes must have been introduced also from this relative and subsequently distributed to a1 and a2 via homologous recombination.
In the homobasidiomycete mushroom species C. cinerea and S. commune, even more complex mating type loci are known. In these fungi the B locus consists of up to three functionally redundant gene sets, with each encoding one pheromone receptor and carrying up to eight pheromone genes (24, 27, 45, 61) . However, in these cases, the pheromones have distinct specificities (with some of them being able to activate more than one receptor) and are unrelated in primary amino acid sequence (24) . The multiallelic mating type genes of mushrooms are thought to be generated by gene duplications before becoming divergent (16, 34) . Locus integrity is maintained by dissimilarity in primary sequence between allelic versions of the genes. This excludes the possibility that recombination occurs within a group of genes which would bring together compatible gene combinations. In these examples compatibility is generated if mating partners bring together different alleles of just one group of genes. This scenario is very different from the situation uncovered in S. reilianum, where a third allele of the a locus can in part be traced back to a recent recombination event occurring within the locus itself. Thus, while mushrooms increase their number of mating type alleles through recombination in conserved flanking regions, the hemibasidiomycetes achieve the same goal via recombination within loci.
